Mechanical behavior of the dam material was described using the Mohr-Coulomb failure criterion.
Introduction
Damage and loss of life caused by earthquakes are immense. This is magnified when accompanied by the collapse of essential infrastructure, such as a dam or a power plant, which has the potential of destroying entire cities. The water and power supplied by dams are essential for the survival of a community, not to mention the other benefits they bring, such as tourism and flood control. However, when a dam fails, the destruction is often deadly, causing irreparable damage to the land, the people, and to the economy. Following the devastating earthquake in Japan on 11 March 2011, seven dams were damaged and the Fujinuma dam collapsed owing to the force generated by the 9.0-magnitude earthquake, known as the 2011 Off the Pacific Coast of Tohoku Earthquake (hereafter, the 2011 Tohoku earthquake). The Fujinuma dam was constructed to serve as a water supply for irrigation purposes. The dam was located on a tributary of the Abukuma River, near Sukagawa in Fukushima prefecture, Japan. It failed following the 2011 Tohoku earthquake (Fig. 1) . The failure caused a flood that washed away 19 houses and damaged others, disabled a bridge, and blocked roads with debris. Seven bodies were discovered after searches began at dawn and one person was declared missing. Generally, earth dams are the most common type of dam because of their cost and the convenient supply of raw materials. A number of earth dams exist throughout Japan for irrigation, flood mitigation, and hydroelectric power generation purposes. As Japan lies in one of the world's most seismically active areas, the main issue in dam management and construction is seismic safety. Therefore, to assure dam safety, proper evaluation of such dams is crucial. Accordingly, the failure of the Fujinuma dam can be regarded as a fruitful resource from which to gain insight into dam failure mechanisms and to acquire useful information relating to dam safety. In the computation of soil structures, the coupling behavior between the solid matrix and pore water is crucial. Biot [1, 2] first developed a linear theory of poroelasticity and subsequently, many researchers in this field have established numerous solid-fluid coupling formulations based on different assumptions. Each technique has its own strengths in solving different problems. Among them, owing to its simplicity, the u-p formulation has become well known and applied widely in the field of geotechnics. Finite element (FE) codes for porous media have been developed continuously [3] [4] [5] [6] [7] . Recently, as advanced computational techniques in geotechnics have been introduced, it has become beneficial for researchers [8] [9] [10] [11] [12] [13] [14] [15] to analyze seismic behavior of dams by using those techniques. Consequently, much research work has been conducted in the area of seismic safety on existing earth dams. Soralump and Tansupo [16] conducted a dynamic response analysis of the Srinagarind dam by using 213 records of 35 earthquake events and the equivalent linear method for the nonlinear behavior of dam materials. Similarly, Fallah and Wieland [17] conducted an evaluation of earthquake safety of the Koman concrete-faced rock-fill dam in Albania, by using a two-dimensional FE model of the maximum cross section. Their study was undertaken using the equivalent linear method. The dam was checked for the safety evaluation earthquake with a peak ground acceleration of the horizontal component of 0.45 g. Spectrum-compatible artificially generated accelerograms were used based on a site-specific seismic hazard analysis. All of these methods mentioned above have been applied to evaluate the safety of earth dams. The importance of such research is not only to examine the behavior of a dam or the level of damage it can sustain, but also to preserve it against future earthquakes.
Although dam failures are rare, studies have been conducted based on such events to understand the causes of those failures. One example is the failure of the Teton dam, an earthen dam located in Idaho, in the United States. It was 93 m high and had a capacity of 355 million m 3 . The dam failed on 5 June 1976, as it was being filled for the first time, owing to internal erosion known as "piping". The failure caused a huge flood that damaged the city downstream, which cost a total of about US$2 billion [18, 19] . The Lower San Fernando dam, which was a 40-m-high hydraulic-fill earth dam located in San Fernando, California, failed on 9 February 1971, as the San Fernando earthquake struck southern California. This seismic shaking triggered liquefaction of the hydraulic-fill within the upstream slope of the dam. During the earthquake, sliding was induced with a loss of strength in the liquefied soils, which led to failure causing significant damage downstream [20] . In Japan, the Aratozawa dam is a rock-fill impervious-core dam with the height of 74.4 m, located in Kurihara, Miyagi prefecture. The Iwate-Miyagi Nairiku earthquake in 2008 caused huge landslides to occur on the left bank of the reservoir from the dam. This caused settlement of the core zone by about 20 cm. There was no evidence of severe damage to the dam structure, but it was taken out of operation because of safety concerns [21] .
Following the Fujinuma dam failure, Harder et al. [22] visited the site just a few weeks after the event.
The principal purpose of the visit was to observe and document the failure of the main dam and the upstream slide in the auxiliary dam. Discussions on the failure mechanism and recommendations on future works were presented by the authors. In addition, Ono et al. [23] stated that the failure of the Fujinuma dam was only the second complete failure of such a dam in Japan's history. From official records, there are about 210,000 reservoirs in Japan, of which at least 20,000 are vulnerable to future earthquakes. Therefore, the contribution of this report is to raise awareness for reducing the potential of dam failures in future catastrophic events. Tanaka et al. [24] studied the failure of the Fujinuma dam; thus, comment and discussions on the cause of the dam failure have already been presented. This study aims to gain insight into the behavior of the Fujinuma dam during the time of the earthquake by using the FE method. Both the observed motion and the simulated motion are used to determine the response of the dam during the excitation. The soil behavior of the dam materials is described by using the Mohr-Coulomb soil model available in the Plaxis FE code [25] . Dynamic analyses of the model are conducted, and the overall dam behaviors presented. Discussions and comparisons between the simulation results and existing facts are expressed.
Site description and input motions

Fujinuma dam
The Fujinuma dam was an earth-fill embankment dam near Sukagawa, Fukushima prefecture, Japan. It was established on the Ebana River, a tributary of the Abukuma River, 16 km west of the city office of Sukagawa (37°18′07″N, 140°11′41″E [26] . 
Ground motions
The 2011 Tohoku earthquake, or the so-called Great East Japan Earthquake, was a magnitude 9.0 (Mw) undersea megathrust earthquake off the Pacific coast of Japan, which occurred on 11 March 2011. The epicenter was about 70 km east of the Oshika Peninsula, in Miyagi prefecture, at a depth of approximately 32 km [27] . It was one of the most powerful earthquakes in the world since the establishment of the modern recording system. The ground motion record obtained from Station FKS017, Sukagawa, Fukushima prefecture, Japan, was provided by the Kyoshin network and operated by the National Research Institute for Earth Science and Disaster Prevention [28] . These data were observed about 15 km away from the dam site. Furthermore, Hata et al. [29] also investigated the simulated ground motion at the dam site. They estimated the ground motion for the dam site by microtremor observation by using the site effect substitution method. These motions were used in the dynamic analysis of the dam. The peak ground acceleration a max was 4.198 and 4.25 m/s 2 for the observed and simulated motions, respectively ( Fig. 4a and b) . The spectra of both motions are shown in Fig. 4c and d. The predominant period of both motions was 2.71 and 2.96 Hz, respectively. The smoothed spectra of both motions were also introduced by applying a 50-period moving average (50 per.Mov.Avg.) as shown in Fig. 4c and d. The predominant period of both motions was therefore 2.73 and 4.40 Hz, respectively. In addition, to verify the effects of the phase of ground motion, the opposite wave forms were also used as additional input motions for this study. 
Dam materials and their properties
The material properties of the dam body were obtained based both on studies of previous researchers and on experimental work done in this study. As with previous investigations, information regarding soil classification was obtained mainly from the study of Ono et al. [23] and Tanaka et al. [24] . However, in this study, field investigations and laboratory experiments have been conducted to extract the necessary information used for studying the dam failure. The data and discussions of dam material obtained from visual investigations and laboratory experiments are expressed.
Visual investigation
Following the dam failure, most of the upper portion of the dam was washed away; the severe damage or breach location can be observed at the maximum cross section near the left abutment from downstream. On the opposite side, the remaining dam body consisted of the compacted fill materials. The foundations of the dam were exposed to ground level on the downstream side. From visual inspection of its properties, the dam body can be classified into three parts: upper, middle, and bottom.
Photo. 1. Remaining portion of the failed dam. The bottom layer is between 4 and 6 m thick. This portion consists mainly of layers of loam-type clay and humic silty sand ranging from black to dark gray (Photo. 1). In addition, previous investigators [23, 24] have indicated that some parts of the bottom layer consist mainly of dark brown sand and gravel. The black foundation material of the dam consists of organic residuals mixed with clay and silt.
Laboratory experiment
To facilitate the numerical simulation and study of the dam failure, several laboratory experiments have been performed to obtain the necessary information. Thirteen undisturbed cylinder samples were collected at the site. These samples can be defined based on their origin and testing purpose, as shown in Table 1 . For each embankment layer, four samples were taken, which gave 12 samples in total for the entire dam body. As shown in Fig. 5 , the soils samples were taken from locations a, b, and c, corresponding to the upper, middle, and bottom layers, respectively. These samples were tested to acquire the basic soil properties, particle size distribution, and other parameters used in the analysis. The 13th sample, taken from the middle portion, was tested to establish the coefficient of permeability. 
Sieve analysis
Sieve analysis is a practice or procedure used to assess the particle size distribution of a granular material. In this study, Due to the unavailable of the laboratory instrument at the time of study, the small particles analyses using hydrometer were not conducted and the sieve number was in the range of 4-200. However, the information on the distribution of small particles was obtained from the study of Tanaka et al. [24] . The results show that both the middle and bottom layer consist of a high percentage of fine particle sizes (Fig. 6 ). It can be seen that for particles that smaller than 5 μm, the middle and bottom soil samples are found to be about 36% and 16% respectively. Also, the clay content (particles smaller than 2 μm) of the middle and bottom portions is about 30% and 10%, respectively. Whilst, the upper part is consist mainly of sandy materials. The boundaries for potentially liquefiable soil (b-b) and boundaries for most liquefiable soil (a-a) are shown in Fig. 6 [30, 31] . Generally, to judge the liquefiability of soil, more than one criterion is needed.
For clayey soils, Seed and Idriss [32] stated that these soils could be susceptible to liquefaction only when all of these three conditions are met: 1) the soil that contained less than 15% of 5 μm and finer particles. 2) liquid limit is less than 35 and 3) water content/liquid limit is greater than 0.9. Similarly, Andrews and Martin [33] summarized that soils are susceptible to liquefaction if they contain less than 10% finer than 2 μm and liquid limit less than 32, soils are not susceptible to liquefaction if they contain greater or equal to 10% finer than 2 μm and liquid limit greater or equal to 32, and further study is required for soils that meet one, but not both, of these criteria. According to the Seed and Idriss [32] criteria's first condition, both the middle and bottom parts are not met so the soils are not being vulnerable to liquefaction. Also, by considering Andrews and Martin [33] , both the middle and bottom are not susceptible to liquefaction. However, the further study should be conducted in order to obtain more accurate results including liquid limit.
Triaxial test
A triaxial test is a common laboratory method applied widely for obtaining shear strength parameters for a variety of soil types under drained or undrained conditions. The type of triaxial test applied in this study was the consolidated-undrained (cu) test using cylindrical soil specimens of 50-mm diameter and 100-mm length. The triaxial test results of the shear strength parameters-friction angle, cohesion, and other parameters-are presented in Table 2 . Also, each parameter used in the analysis can be described as following. The dry and saturated unit weight defined the mass for the element located in dry and saturated areas, respectively. Permeability or hydraulic conductivity described the fluid movement through porous media. In the elastic range, the modulus of elasticity E indicated the relationship between stress and strain within the elastic region, and Poisson's ratio υ provided information on the effect of the load in one direction in relation to the deformation in other directions. The shear strength parameters cohesion c' and friction angle ϕ' were used to form the yield surface for this model. Finally, by considering slight compressibility of water, the rate of excess pore pressure was defined as K w /n, in which K w is the bulk modulus of water and n is the soil porosity.
The parameters of cohesion and friction angle show that the bottom and middle portions of the dam are classed as cohesive soil, but that the upper portion is classed as loose material. Furthermore, the modulus of elasticity reveals that the deeper the soil layer, the higher its modulus becomes. The top portion of the dam is shown to have a relatively smaller modulus of elasticity than normally expected for fill materials.
It is should be noted that by taking samples from the remaining of a collapsed dam represents a difficult task and raises many questions on the reliability of the representativeness of the material properties of the retrieved samples. Therefore, the analyzed results obtained using these data and the further used of this study, should be recognized and aware of this limitation. Table 2 3. FE method
FE model
The FE analysis was performed under plane strain conditions. The effect between the solid and fluid phase was carried out through a u-p formulation; the governing equation of motion of coupled solidfluid problem can be written as shown in Eqs. (1) and (2).
where the total stresses σ, the body loads b, and the acceleration are time dependent with the differential operator L given as
In addition,
in which the relevant parameters are effective stress , pore pressure p, total stress , coefficient of permeability , density of water , and gravitational acceleration g.
In this study, 956 triangular 15-noded elements with three-point Gaussian integration, a second-order polynomial interpolation for the displacements, and a first-order interpolation for the pore water pressure were used. Two dam models have been proposed for this study. The first model is a simplified version of the original shape of the Fujinuma dam's typical section and in this study the effect of the concrete frames and panels, and the interaction among them and dam is not taken into account (Fig. 7) , and the latter is based on the remains of the failed dam following the site investigation (Fig. 8 ). The first model was used for conducting a dynamic analysis to acquire the dynamic behavior and failure mechanism. The second dam model was used to determine the dam mode shape and natural frequency, and for verification against the microtremor observations. The modal analysis was conducted using ANSYS code [34] .The foundation was modeled by extending a 10-m-thick layer 100 m either side of the center. The boundary conditions were restrained in the horizontal and vertical directions at the bottom of the model. For both edges, the boundary conditions were fixed only in the lateral direction and were free in the vertical direction. To avoid the effects of wave reflection on the boundary, an absorbent boundary was applied at both ends and at the bottom of the boundary. The dam's body was classified into three portions: upper, middle, and bottom. The Young modulus is assumed to be constant in any of the three portions of the dam. In this study, for the dynamic analysis, the dam was analyzed under the maximum reservoir condition. The effect of reservoir pressure on the upstream face was applied as static pressure acting on the upstream slope in a direction perpendicular to the upstream face. To acquire the initial stress condition, the static and seepage analyses were conducted in advance. Dynamic analysis was performed using the Plaxis FE code [25] . 
Material properties
In fact, the soil behavior is non-linear and to accurately reproduce the stress-strain relationship during dynamic load, it required the advanced constitutive law along with the finite element formulation at large deformation. As it is a preliminary study, the simple elastic-perfectly plastic model was applied and later when the nonlinear finite element code has been implemented by the authors, the further study will be conducted and compared with current results. The behavior of the dam materials is described using the Mohr-Coulomb soil model, which is an elastic-perfectly plastic model with a yield surface whose elastic behavior is defined by isotropic elasticity through a linear Young's modulus E and Poisson ratio υ. In this study, the representative modulus of elasticity was applied using the initial stiffness of the actual soil's stress-strain curve obtained from the triaxial test. Actually, the smaller value of the primarily modulus of elasticity at larger strain can be selected however as the samples have been taken from the failed dam that might encountered the degradation of the modulus so the initial stiffness was applied in this study. The model has yield surfaces defined by cohesion c and friction angle ϕ. The generalization of the Coulomb friction failure law is then defined by (6) in which τ is the magnitude of the shearing stress, σ n is the normal stress, c is cohesion, and ϕ is the angle of internal friction. The Mohr-Coulomb failure surface is often expressed in terms of the invariants p, q, and r as follows (7) where (8) The plastic flow rule used in this study was carried out using the associate flow rule in which the dilatancy angle is exactly the same value as the friction angle, such that the same surface is applied for the normalized plastic rule.
The cyclic soil behavior of the simple elastic-perfectly plastic is illustrated in Fig.9 . It can be seen that for stress states that fall within the yield surface, the behavior is purely elastic and all strains are reversible as showed at point A-B in Fig. 9 . Thereafter, if the system was loaded further until it reached or exceeded the yield surface, the plastic strain or irreversible strain is occurred as defined as point B-C in Fig. 9 . At this stage, the total strain is a combination between elastic and plastic strain which is defined as point C in Fig. 9 . And if the system is unloaded, the elastic strain is then reduced and finally vanished, left only plastic strain when the system is at rest condition ( Fig. 9 C-D) . Similarly, when reloaded the system, the behavior is repeated from A-D in Fig .9 as mentioned earlier. Fig. 9 . The cyclic soil behavior using the simple elastic-perfectly plastic constitutive law
In dynamic analysis, this model produced elastic behavior without the hysteretic damping. In order to include the soil's damping characteristics, the Rayleigh damping is applied therefore. Biggs [35] suggested that for geological materials, the minimum critical damping ratio commonly falls in the range of 2% to 5%. Also, many researchers [36] [37] [38] conducted the dynamic analyses of an earth dam and applied the damping ratios of about 5% to 6%. Also, by using Mohr-Coulomb which is included the plasticity model, when the failure surface is reached the energy is subsequently dissipated though plastic deformation. Therefore, Rayleigh damping was assumed in the dynamic analysis by considering 5% damping in the frequency range of 1.64-2.45 Hz. However, by using the simple constitutive model Mohr-Coulomb, it must be noted that the complex dynamic soil behavior cannot be captured comprehensively particularly the strain dependent behavior of stiffness and damping cannot be modeled.
The parameters of the dam material were obtained mainly from the laboratory experiments, as mentioned earlier in relation to Table 2 , whereas the properties of the foundation were assumed. Each parameter used in the analysis was described earlier as stated in section 2.3.2.2.
Results and discussions
Modal analysis
Modal analysis is conducted to extract the natural frequency and its corresponding mode shape. In this study, two dam models were analyzed. Both cases were analyzed under the empty reservoir condition. In Fig. 10 , the results of the modal analysis are shown. The natural frequency is 1.64 and 2.45 Hz for the first two modes, respectively. For the remaining dam model, the natural frequency is 2.35 Hz for the translational mode in the horizontal direction. Fig. 11 shows the amplification ratio that was taken from the top of the remaining dam to two locations near the dam base of the upstream and downstream slopes, defined as 2/1 and 2/3, respectively. By comparing the numerical results with microtremor test results, it can be seen that in the latitudinal direction, the amplification ratio is within the range of 2-5 Hz. The results obtained from the modal analysis of the remaining dam agree well with field observations in relation to the vibration in the latitudinal direction. Therefore, the estimated predominant frequencies of the original dam are 1.64 and 2.45 Hz. The comparison between the natural frequency of the remains dam obtained from the microtremor observation and the modal analysis of the original dam model shows that the natural frequency of the actual dam model is less than the microtremor test. This is due to the geometry of the original dam which the dam's height is higher while the remains dam is plump in shape. It should be noted also that as the soils possibly subject to the large strain at the time of the dam failure that may cause degraded values of the shear modulus. As a result, the natural frequency of both microtremor test of the remains dam and the modal analysis result of the actual dam model may be different from the current results if the actual material properties can be acquired. 
Dynamic analysis
A dynamic analysis is performed to establish the possible behavior of the dam during an earthquake. The results were expressed through acceleration, deformation, shear strain, and tension crack.
Acceleration
Results show that larger maximum crest acceleration can be obtained using inverse phase of the observed and simulated motions. Therefore, the acceleration contours at the time when the maximum acceleration reached the dam crest are shown in Figs. 12 and 13 for inverse phase of the observed and simulated motions, respectively. By using the observed motion, the maximum crest acceleration is determined to be 7.42 m/s 2 and 8.56 m/s 2 accelerating towards the upstream direction at the time of 104.45 s and 111.60 s for normal and inverse phase motion (Fig. 12) , respectively. For the simulated earthquake, the maximum crest acceleration is 7.60 m/s 2 acting towards the upstream direction at the time of 72.78 s. Similarly, for its inverse phase, the crest experienced the maximum acceleration moving towards the upstream side with a magnitude of about 7.65 m/s 2 at 71.24 s (Fig. 13) .
The observed motion contains high-amplitude waves for a longer duration than does the simulated motion. This generates a great response throughout the dam body resulting from significant inertial force acting on the dam. This causes a great amount of plastic deformation and eventually the dam failure owing to the loss of freeboard. In addition, regarding to the spectrum of the observed motion, it can be seen that this motion is characterized by a wide band. Therefore, it might possible induced resonance in the dam and caused a higher response. In contrast, the simulated motion contains highamplitude waves only for a comparatively short period; thus, this does not contribute a sufficient effect to cause large movement and settlement of the dam.
For both motions, it can be seen that the acceleration at the dam crest is amplified significantly. The maximum amplification ratio taken from the crest to the base is 1.76 and 1.79 for the observed and simulated motions, respectively. To verify the effects of the phase of ground motion, the opposite waveforms were used as input motions and amplification ratios of 2.03 and 1.80 were obtained for the observed and simulated ground motions, respectively. This indicates that the response is very sensitive to input ground motion. 
Deformation
Deformation can be used for the evaluation of the safety of the dam due to freeboard loss. The results are expressed through its deformed shape and the displacement curve with respect to time at various heights along the dam centerline. In addition, the deformed meshes and deformation curves in both directions, at the end of the shaking using the inverse phase of the observed and simulated ground motion, are shown in Figs. 15 and 16 . These indicate that both horizontal and vertical displacements fluctuated during the earthquake and settled continuously at a rapid rate, and then remained constant until the end of the excitation. The permanent horizontal displacement of the dam was 3.40 m (upstream side), 0.30 m, and 0.42 m for the inverse phase of the observed, simulated, and inverse phase of simulated motion, respectively. The vertical displacement at the dam crest reached 2.90 m, 0.63 m, and 0.60 m for the inverse phase of the observed, simulated, and inverse phase of simulated motion, respectively. As a result, by considering overtopping failure, the dam was able to withstand safely the simulated input motion except for the case of using the inverse phase of the observed motion, for which overflow is expected to occur.
According to the facts, the dam experienced overflow and subsequent breach. The one possible cause is that the significant settlement of the dam body led to the loss of freeboard. Thus, the observed motion does reflect the actual failure mechanism of the dam, whereas the simulated motion does not. However, all cases show that settlement is high, especially in the upper portion of the dam owing to its softness. For the changed phase, the observed motions show the significant effect of creating the displacement obtained from the normal and inverse phase, to be in opposite directions. . Deformed mesh at end of the analysis using inverse phase of observed motion. Fig. 16 . Deformed mesh at end of the analysis using simulated motion.
Shear strain
Shear strain provides information for understanding the location within the dam body that might be damaged severely during the earthquake excitation.
Shear strain contours for various times obtained using the observed motion are shown in Fig. 17 . Most of the dam body experienced an insignificant rate of shear strain. It can be seen that initially, large shear strains occurred in the upper portion, especially on the upstream side. Thereafter, the occurrences of large shear strain can be observed clearly on both sides of the dam in the middle and bottom portions of the downstream slope. This excessive level of shear strain may indicate a possible cause for the dam failure. Similarly, shear strain contours obtained from the remaining motions, yield almost the same pattern as the previous motion (Figs. 18 and 19) . However, the exception is when using an inverse phase of the observed motion, for which large shear strains can be seen on the upstream slope instead of on the downstream slope.
The sequence of dam failure has been reported by previous researchers. Initially, the dam experienced excessive deformation or a slide on the upper portion of the upstream slope. This, together with a subsequent large slide that occurred on the downstream face, yielded a loss of freeboard and triggered the overflow that resulted in the breaching of the dam. Most numerical results show good agreement with this scenario, except for the case of using the inverse of the observed motion, which exhibited large strain appearing mainly on the upstream slope. The simulated motions also yield good agreement, but only with a smaller value of shear strain. 
Excess pore pressure
The distribution of the excess pore pressure within the dam body and the records of the observation point A and B at 104.19 s using the observed motion are shown in Fig. 20 . It can be seen that the excess pore pressure developed mostly at the downstream side. The maximum excess pore pressure was about 90 kPa and it can be found near the dam's base close to the dam center line. Besides, the suction or the positive excess pore pressure can be found on the upstream face and within dam's body on the upstream side. It can be seen that from the time history curves of the excess pore pressure at the observation point A and B that the build-up pore pressure was fluctuated at the early period of the shaking and then kept constant until the end of the excitation. The maximum excess pore pressure obtained from the observation point A and B was about 48 kPa and 18 kPa, respectively. In case of using inversed phase of the observed motion, the distribution of the excess pore pressure shows that the build-up pore pressure was mostly concentrated on the upstream side. The maximum excess pore pressure was about 90 kPa which can be found at the lower portion of the dam. On the other hand, on the downstream side, the excess pore pressure found to be in a range of 10-30 kPa and also the suction can be found at the downstream face. For both the simulated and inversed phase of the simulated motion, the similar trends were obtained. The excess pore pressure found to be scattered within the dam body. The upstream side experienced the build-up pore pressure of about 20-40 kPa. Whilst, the downstream side gained greater values of the excess pore pressure especially at the lower portion of the dam. The maximum excess pore pressure was about 80 kPa for both motions.
The results show that most of the dam body experienced the build-up pore pressure that was not high enough to equal the effective stress and trigger the total loss of the soil strength. However, in particular locations such as on the downstream side where the effective stress found to be small, the reduction of shear strength can be fairly high and led to significant permanent deformation on those areas. However, it must be noted that the Mohr-Coulomb model can only capture the excess pore pressure due to volumetric stress. Although, the excess pore pressure due to earthquake excitation was presented here, the actual phenomenon of cyclic mobility and liquefaction cannot be modeled and captured in this study. 
Tension crack
A tension crack is an extension fracture caused by tensile stress. Soil material normally has low tensile strength, and therefore it is possible for any small tensile stress, which might be a product of stretching deformation or positive pore pressure, to cause a tension crack in the soil structure. Besides, the materials used in this study, the middle and bottom, showed fairly high cohesion values which are prone to cracking. Therefore, this phenomenon is important and should be taken into account in this study. This crack provides information that might be useful for understanding the failure mechanism of the failed dam. The occurrence of tension cracks could initiate sliding or internal erosion of the dam structure.
In the analysis, it is possible to capture the tension crack during the shaking duration by illustrating the location in which the tensile stress does exceed the tensile strength. Fig. 21 summarizes the zone of the tension crack that occurred throughout the time of the analysis for both the observed and the simulated motion. It can be seen from both cases that the tension crack occurred similarly within the same location. This crack appeared clearly in the middle portion and at the toe for both sides. However, the tension crack on the upstream slope seems to penetrate deeper into the dam body. From this evidence, it would appear that sliding and internal erosion could be triggered, thereafter causing the failure of the dam. 
Conclusions and discussions
From the site investigation, it appears that the dam was breached at the maximum cross section owing to the huge volume of that portion. As per the visual investigation, the remaining of the failed dam, reservoir area, reservoir's rim and also their vicinities, were examined however there is no obvious evidence such as sand boils could be found to confirm the occurrence of liquefaction. Furthermore, in the middle and bottom portions, the material itself does not seem prone to liquefaction. Thus, in respect of this, the failure mechanism might be described as follows.
For the first scenario, owing to a relatively small elastic modulus of material used to construct the upper portion of the dam and the long duration of strong shaking, the fill material lost its strength. Consequently, sliding occurred in the top layer on the upstream slope or on both sides. Thereafter, the crest was displaced in a sliding pattern. The settlement is deemed to have continued in the same pattern until it reached the reservoir level, following which overtopping failure occurred.
For another possible scenario, owing to the weak upper portion and the long duration of strong shaking, cumulative permanent displacement could have expanded both sides and caused settlement in the middle, following which sliding occurred owing to instability. Of course, at some certain level, a coupled-failure phenomenon occurred, such as an overtopping-sliding failure.
The numerical simulation results obtained using the observed motion show that the dam was subjected to the high amplitude and long duration earthquake. Also, the spectrum of the earthquake motion is characterized by a wide band that possibly induced resonance in the dam. Thus, the dam experienced significant amplifications throughout the dam body and this led to the great driving inertia force. In addition, with a long duration of shaking, the build-up pore pressure was then developed within the dam's body especially in the lower portion of the downstream side. Although, the excess pore pressure was not high enough to match the effective stress and trigger the liquefaction in those particular locations, soils might experience the reduction of the shear strength at the locations where the effective stress is small. Accordingly, large shear strain can be observed initially on the top portion of the dam and later the large shear strains can be found on the downstream side. Regards to the sliding patterns that occurred in the top portion and on the downstream slope, the dam was settled and the plastic deformation was then accumulated and become large until the dam's crest reached the reservoir level. Therefore, the dam failed owing to the loss of freeboard that might later cause the breaching of the dam. Furthermore, in all cases, large shear strains were observed initially in the upper portion of the upstream slope, following which large shear strains commenced on the downstream side. These, together with tension cracks, might evidently indicate the cause of the sliding failure of the dam slope. In addition, these sliding patterns exhibit good agreement with the facts gathered from field observations. Several other failure mechanisms could describe the failure of the Fujinuma dam, such as the effect of the interaction between the concrete face and the dam, or the interaction between the reservoir and the dam. However, these effects were not taken into account in this study.
Through this study, it can be seen that the quality of compacting material in the upper portion might be one possible reason for the dam failure, which brought about such a disaster to those who lived downstream. Thus, this study demonstrates that it is very important not only to design a dam that is capable of withstanding future quakes, but that the investigation and maintenance of existing dams are crucial for continued seismic safety.
Although the numerical simulation results obtained in this study could describe the failure mechanism of the dam, this simulation is based on the small strain assumption. To gain insight into the failure mechanism of the soil structure, which is most likely to be within a large deformation regime, it is recommended to consider the effect of geometrical nonlinearity. Therefore, to address this suggestion, the development of the FE code for solving the problem at finite strain is recommended. Thus, the failure mechanism of the dam could be analyzed properly and results acquired that are more reliable.
In addition, to describe other possible failure mechanisms, the material nonlinearity or other advanced constitutive laws and the proper fluid-structure interaction should be taken into account in future works. 
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